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HAL is a multi-disciplinary open access archive for the deposit and dissemination of scientific research documents, whether they are published or not. The documents may come from teaching and research institutions in France or abroad, or from public or private research centers. L'archive ouverte pluridisciplinaire HAL, est destinée au dépôt età la diffusion de documents scientifiques de niveau recherche, publiés ou non, emanant desétablissements d'enseignement et de recherche français ouétrangers, des laboratoires publics ou privés. Abstract -The advantages of rapid spectral scanning have been combined with --the inherent accuracy of a compensating ellipsometer operated in the polarizer-compensator-sample-analyzer configuration. Wavelength is varied over the visible-UV ( 3 7 0 -7 2 0 nm) at a maximum rate of 114 nm/s by rotating a continuously-variable interference filter. A three-reflection Fresnel rhomb serves as the achromatic quarter-wave compensator. A microcomputer is used to collect spectroscopic measurements, perform instrument calibrations, digital filtering and interpret data. Wavelength-independent parameters of multiple-film optical models have been determined by treacing measurements of delta and psi at different wavelengths as independent measurements. Experimental and predicted ellipsometer measurements are compared by use of statistical techniques for the determination of optimum values and confidence limits of model parameters.
I. OPTICAL COMPONENTS
Extensive modification of a self-compensating ellipsometer built previously (1) ha: made it possible to combine rapid spectral scanning with rhe inherent accuracy ( 2 ) of compensating measurements. The ellipsometer employs the polarizer-compensatorsample-analyzer configuration. Faraday cells produce a magneto-optic rotation of Lhe plane of polarization which is addicive to the mechanical rotation of polarizer and analyzer prisms and is electronically controlled.
Spectral scanning is achieved by rotating a continuously-variable interference filter, positioned between a white light-source (75 W, current stabilized highpressure Xe arc) and the collimating telescope of the polarizer. The maximum scan rate was 114 nm per second ( 1 pass through the spectral range every 3 seconds);
Article published online by EDP Sciences and available at http://dx.doi.org/10.1051/jphyscol:19831011 C 10-38 JOURNAL DE PHYSIQUE lower noise levels can be achieved by use of a lower scan rate (23 nm per second or 1 pass through the spectral range every 15 seconds). As the filter revolves, the wavelength passed varies linearly from approximately 370 to 720 nm during the first half turn rotation, and then decreases to 370 nm during the second half turn of rotation. A digital incremental encoder is used to measure angular position and, thus, wavelength.
The dependence of the specific rotation (effective Verdet coefficient, rotation per unit solenoid current) of the Faraday cells on wavelength has been determined experimentally. Rotation of the analyzer and polarizer azimuths is linearly proportional to solenoid current over the entire dynamic range of the Faraday cells, which is 18" at 700 nm and + 70" at 400 nm for the SF-6 glass cores.
A three-reflection Fresnel rhomb with extremely Low axial skew (c0.01 deg., Continental Optical Co.) has been used as the achromatic quarter-wave compensator.
COMPUTER SYSTEM
The high rate at which ellipsometer data are generated during rapid spectral scanning requires the use. of a digital data acquisition system. (Digital LSI-11/2) The current passed through the polarizer and analyzer Faraday cell solenoids to produce nulling are monitored by the computer, converted to analyzer and polarizer azimuths (and, thus, ellipsometer parameters delta and psi) under consideration of the wavelength-dependence of the effective Verdet coefficients. Wavelength is determined from the angular position of the filter. Digital filtering is done by averaging data collected over a 1.7 nm spectral range. Further noise reduction is possible by averaging several scans.
ELECTROCHEMICAL FILM DEPOSITION
Thin films of lead on copper substrates were prepared by potentiostatic deposition (-600 mV vs. Ag/A C 1 ) from an glectrol te consisting.of 5 mM Pb(N03)2 and 1 M NaClO at a pi of 3. Detalls of txe electrochem~cal cell are given elsewhere ( 3 , 4 ) . ~?ectrochemical film formation has the advantage that the amount of material deposited can be determined independently from the charge passed.
Based upon charge passed, the film thicknesses would have been 31, 60 and 110 nm if the deposit had formed uniformly and had been compact. However, it was found that the deposit was not homogeneous and compact, and multilayer optical models had LO be used to explain the spectroscopic ellipsometer measurements.
IV. OPTICAL FILM MODELS
Predictions based upon three optical models for single layer films (Fig. 1 a-c) were found not to agree with experimental ellipsometer measurements over the entire spectral range, although interpretations at selected wavelengths often appeared possible.
A three-layer model, illustrated in Fig. Id , provided very good agreement between predictions and measurements. The first layer was assumed to be an isotropic film representing the underpotential deposit. Optical properties of this layer were dctermined in a separate study ( 5 ) . The second layer was assumed to be a granular, porpus deposit with optical constants computed from the properties of Pb and electrolyte, by use of the Bruggeman theory for a binary mixture. Incorporation of this layer into the optical model was motivated by light scattering measurements ( 3 ) . The third layer represented dendritic Pb islands, visible in scanning electron micrographs, and was modeled by an island film and coherent superposition of polarization states for reflection from adjacent surface elements with and without island coverage. Use of coherent superposition implies that che diameter of islands is smaller than the spacial coherence of the illuminating light. The total amount of Pb contained in the three layers was chosen to agree with the coulometric measurements. For the spectroscopic ellipsometer, the longitudinal coherence ranges from 16 microns at 400 nrn to 49 microns at 700 nm ( 6 ) ; the transverse (lateral) coherence ranges from 10 microns at 400 nm to 17 microns at 700 nm ( 7 ) .
These estimates assume (conservatively) a bandwidth twice that of the monochromatore ( 2 0 nm).
Since complementary SEM studies of the films investigated here have shown the dimensions of dendritic islands to be less than 15 ~i c r o n s , thc cohcrc111 superposition model is justified for the present experiments.
Computations have shown that the optical effect of the third (dendritic island) layer is often negligible, because the surface coverage by islands is small (5-20%). A simplified two-layer model was therefore used for interpretations. Only 3 unknown parameters have to be determined with this model (thickness of the first, compact layer, thickness and porosity of the second, porous layer) as opposed to six parameters required for the three-layer model. Despite the insignificant optical effect of the dendritic island layer, it usually contained about 2/3 of the Pb deposit known to be present from coulometric measurement. All opt,ical constants were determined experimentally from independent measurements and were not treated as adjustable parameters.
V. OPTTMIZATION OF THE TWO-LAYER MODEL
By minimizing the sum-of-squares error ( 8 ) between the model predictions and measured values of delta and psi over the entire spectral range, one determines the optimum values of the wavelength-independent adjustable parameters, thickness and porosity of the second layer, and thickness of the first compact Layer (the underpotential deposit (3,5). Optimization of the wavelength-independent parameters required to specify only the first two layers resulted in smaller parameter variances than if all three layers were included.
Results of the optimization are shown in Fig. 2 tor the ellipsometer parameter delta (results for psi were similar). The solid lines represent experimental measurements and the circles represent points calculated by a multidimensional optimization routine. Very good agreement was obtained by optimization ot the thickness and porosity of the second layer, which are wavelength-independent adjustable parameters. Table 1 . Table L summarizes the results of the optimization. Parameter confidence intervals are calculated from the variance and the student t-statistic at a 95% confidence level for "2N-P" degrees of freedom, where "N" is the number of delta-psi measurements over the spectral range (from a single spectroscopic scan) and "P" is the number of adjustable parameters (3,s). Wavelengths of individual measurements are spaced at intervals greater than the source bandwidth; measurements at 10 different wavelengths have been treated as independent observations of the same surface. The variance for any parameter and, therefore, the confidence interval increases dramatically as the total number of model parameters P approaches the number of data points (2N) used in the optimization. The high uncertainty in the thickness of the 110 nm layer reflects the diminishing sensitivity of the ellipsometer as t h e penetration depth of the light is approached by the thickness of the layer. 
V1. CONCLUSIONS
A novel fast spectral-scanning self-nulling magneto-optic ellipsometer, based on an earlier design has been built. The instrument is fully computerized.
Spectroscopic ellipsometry allows one to calculate confidence intervals of wavelength-independent parameters for micromorphological optical models and to justify the use of more sophisticated optical models on the basis of the greater degrees-of -freedom.
For three electrolytically formed Pb deposits (compact thickness 31 nm, 60 nm, and 110 nm) the best agreement between measurements and model predictions was obtained for a three-layer model or a two-layer simplification of it. The distribution of deposited material between compact, porous (granular) and dendritic island layers couLd be determined.
